I. INTRODUCTION
The resistance (or pressure drop, ∆P) to transport a liquid through a microchannel decreases rapidly with the characteristic length (l): 1 ∆P ∼ 1/l 4 . One way to reduce the pressure drop is by texturing the inner surfaces of the microchannel. Surface texturing causes the liquid to exist in one of the two states. These can be described by either liquid flow over entrapped gas in cavities formed by the textures, known as the CassieBaxter state, or flow with the liquid filling the cavities formed by the textures, referred to as the Wenzel state. In the former, a reduction in the pressure drop is due to the velocity slip at the liquid-gas interface. A reduction in pressure drop in the latter is ascribed to an increase in the effective flow area. Theory suggests that the Cassie-Baxter state offers a lower resistance to the liquid flow than the Wenzel state barring certain conditions. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Experimental results on flow past textured microchannels, however, are not always in agreement with the theory. [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] It is envisaged that addressing the discrepancies between theory and experiments would help design more efficient textured surfaces. In the subsequent paragraphs, we present a critical overview of the theoretical and experimental findings, followed by objectives of the present work.
Lauga and Stone 6 introduced the effective slip length as a useful metric to compare the reduction in pressure drop in microchannels with textured surfaces of different geometries and sizes. Analytical studies formulated simple predictive expressions for the effective slip length for one-dimensional (longitudinal and transverse ribs) and bi-dimensional textures (posts and holes) as a function of gas fraction (ratio of shearfree area to the total projected area). 2, 6, 7 Numerical studies augmented these expressions for the effective slip length by including the Reynolds number and constriction ratio (ratio of microchannel height to pattern width). 8, 9 Traditionally, the liquid-gas interface is assumed to be flat and shear-free in these studies. These idealized conditions result in the overprediction of the effective slip length. Therefore, subsequent analytical and numerical studies accounted for the interface deformation and dissipation between the liquid and gas phases to amend the previously reported correlations. [10] [11] [12] [13] [14] [15] For example, the ratio of effective slip lengths obtained for longitudinal and transverse ribs when evaluated considering the dissipation is less than the idealized value of two.
Experimental results on contrary are not always in agreement with the theoretical predictions. Lee et al. 18 reported slip lengths closer to the theoretical limit on textured surfaces in a shear-driven flow. Tsai et al. 19 observed a deviation of greater than 50% in experimentally measured slip length from theory, in pressure-driven flow through textured microchannels. In some experimental studies, where the global average quantities such as pressure drop or volumetric flow rate were measured, the flow friction in the Wenzel state was observed to be less than the Cassie-Baxter state. [20] [21] [22] With the help of experiments and numerical simulations, these studies deduced that the liquid-gas interface behaves like a partial or no-slip boundary. Local velocity measurements in flow through textured microchannels were also shown to exhibit no-slip behaviour at the liquid-gas interface. 23, 24 A common notion invoked by a few authors to explain this interfacial immobility was deposition of impurities on the liquid-gas interface. These impurities (or solid particles) are possibly carried by the liquid either from the external system or the substrate itself. A recent study showed that a substantial decrease in slip length occurs even when a low concentration of surfactant is adsorbed at the liquid-gas interface. 25 A change in boundary condition from full-slip to partial slip was also observed with an addition of a small amount of salts. 26, 27 In summary, any contamination due to the particle or surfactant at the liquid-gas interface may degrade the performance of the textured microchannels.
Solid particles (or colloidal particles, as they are often called in the literature) are ubiquitous in closed channel flows in biological, chemical, and industrial systems. [28] [29] [30] Colloidal particles are categorized based on their architecture (3D-spherical, 2D-flat disc, and 1D-cylinder) and dimensionality. They show a typical size distribution ranging from one nanometer to tens of micrometers. These particles tend to accumulate spontaneously at the fluid-fluid interfaces irrespective of the chemical composition of their surfaces. 31 If a chemically active solid particle is trapped at the liquid-gas interface, a change in surface tension occurs along the interface. A gradient in the surface tension along the liquid-gas interface leads to Marangoni stresses, which oppose the liquid flow over the interface. However, not all the colloidal particles have chemically active surfaces. Even then it is hypothesized that they (or inert solid particles) can influence the flow behaviour at the liquid-gas interface.
To this end, we numerically investigate the effect of one or more solid particles embedded at the liquid-gas interface on the effective slip length in textured microchannels. We begin with numerical simulations past one dimensional textures (transverse ribs) with a cylindrical particle situated on the liquid-gas interface. The effects of particle position on the liquid-gas interface, microchannel constriction ratio, and gas fraction on the effective slip length are presented. Subsequently, the simulations were extended to bi-dimensional textures (posts and holes) with a spherical particle adsorbed on the liquid-gas interface. Furthermore, we invoke the "dirty" interface argument to explain why the experimental pressure drop in the Wenzel state was observed to be less than the Cassie-Baxter state in the literature.
II. METHODOLOGY

A. Physical description of the problem
An infinitely wide microchannel containing texture elements on the bottom wall was considered in this study, while the top wall was set to be smooth. Figure 1 A one-quarter portion of the spherical particle is shown in red in (d) and (e) on one of the symmetry planes. The particle is coloured in red in these figures. module of a microchannel containing a one-dimensional texture (transverse ribs) on the bottom wall with a cylindrical particle situated on the liquid-gas interface. The nomenclature and boundary conditions of the computational module are shown in the figure. As the velocity field repeats from one module to the next, periodic boundary conditions were imposed at the module inlet and outlet. For a typical air-water system inside a textured microchannel, the very low viscosity ratio between the two phases (µ a /µ w ≈ 0.01, where, µ a and µ w are viscosities of air and water, respectively) allowed us to impose a no-shear boundary condition at the interface. That is, no gas phase was involved in the numerical simulations where the Cassie-Baxter state exists and the cylindrical particle was reduced to a circular bump on the liquid-gas interface for transverse ribs. A no-slip boundary condition was applied on rest of the surfaces including the top wall, rib, and cylindrical particle. The liquid-gas interface was assumed to be flat owing to a sufficiently small capillary number (Ca) in the simulations.
Furthermore, the typical size distribution of colloidal particles (generally <10 µm) endorses that the capillary forces on a particle trapped at the interface are orders of magnitude greater than the weight of the particle. Therefore, the liquidgas interface around the particle was assumed to be locally flat. Micro/nano-particles adsorbed at an interface with a contact angle closer to 90 • possess the free energy of adsorption several orders of magnitude greater than the thermal energy. 31 This favours an irreversible attachment of particles at the interfaces. Thus, the contact angle (θ CA ) of the particle was fixed at 90 • in the simulations, unless stated otherwise. The particle contact angle was defined as an angle between the tangent to the particle surface (into the gas phase) and the interface as illustrated in Fig. 1(b) . In this work, the particle rotation and translation along the liquid-gas interface in the Cassie-Baxter state were neglected. This assumption is valid when the threephase contact line is pinned to the particle, thereby preventing the particle movement against the viscous stresses in its locality. [32] [33] [34] A scale analysis suggests that the maximum pinning force at the contact line around a spherical particle adsorbed at the liquid-gas interface scales as γd, where γ is the surface tension of the liquid-gas interface. The drag force experienced by this adsorbed spherical particle due to the flow velocity along the liquid-gas interface (u) scales as µud, where µ is the viscosity of liquid. The ratio of these two forces translates to Ca = µu/γ. Therefore, the particle at the interface can be assumed to be arrested in the limit of small capillary numbers. In this regard, all the simulations in the present work were carried out in the Stokes flow limit (Re ≤ 1), to ensure Ca << 1. Here, Re = ρuD H /µ is the Reynolds number, where ρ is the density of liquid and D H is the hydraulic diameter. It may be noted that particles were not considered in those simulations where the flow assumes the Wenzel state.
Owing to the periodicity and symmetry of the bidimensional texture configuration (posts and holes) inside the microchannel in the X and Z directions, the region illustrated in Fig. 1(c) was chosen for the numerical simulations. The computational domain with nomenclature and appropriate boundary conditions for posts and holes is illustrated in Figs. 1(d) and 1(e), respectively. In the flow direction (X-direction), periodic conditions were imposed at the inlet (X = 0) and the outlet (X = L). Due to a mirror symmetry in the transverse direction (Z), a symmetry boundary condition was applied at Z = 0 and L/2 planes. The spherical particle was positioned at the liquid-gas interface on one of the symmetry planes for the post and hole simulations, as shown in Figs. 1(d) and 1(e). As noted earlier, the liquid-gas interface was assumed to be flat and shear-free, while the rest of the surfaces were considered to be no-slip.
B. Calculation of flow parameters
The relevant geometrical parameters in this study are gas fraction (δ), constriction ratio (ε), and cavity aspect ratio (κ). These non-dimensional parameters are defined as follows:
Note that the cavity aspect ratio is only relevant in those simulations where the flow exists in the Wenzel state. The pressure gradient value obtained from the simulations was converted into the Poiseuille number ( f ·Re, where f is the friction factor) as follows:
where ∆P is the pressure drop,ṁ is the mass flow rate, and L is the length of the domain. Then, the effective slip length (λ) was calculated through the following equations:
The numerical coefficient of 32 in Eq. (5) appears because the slip length was normalized by the half channel height. Note that in Secs. III and IV, the effective slip length normalized by the module height (λ/H) will be termed the effective slip length, while the effective slip length normalized by the module length (λ/L) will be called the normalized effective slip length.
C. Numerical details
The liquid flow inside the textured microchannel was assumed to be steady, incompressible, and laminar with constant thermo-physical properties. Therefore, the following continuity and momentum equations are applicable for this scenario:
where the velocity field
The geometries were modeled and meshed in ANSYS ICEM CFD 14.0, and the governing equations (7) and (8) were solved using ANSYS FLUENT 14.0. Abrupt accelerationdeceleration cycles were expected in the computational module at the textured surface due to a change in the boundary condition from no-shear to no-slip at the three-phase contact line (at the edge of the texture and in the vicinity of particle). Therefore, the mesh was locally refined at Y = 0 in the module at the beginning of the simulation through the region adaption method. A second-order upwind scheme was adopted for discretizing the convective and diffusive terms, while the SIMPLE algorithm was chosen for the pressure-velocity coupling. Once the mass flow rate corresponding to the desired Re specified at the inlet, the continuity and velocity residuals in the simulations were allowed to converge until they reached 10 4 . Thereafter, a dynamic velocity gradient-based mesh adaption method was followed in the simulations to attain a grid independent solution until the desired convergence criteria or 10 9 was achieved. This technique adds/deletes cells depending on the local velocity gradient to ensure that the flow field is well captured at the convergence of the process. As an indication of its computational efficiency, the difference in predicted pressure drop values for a particular case of ε = 1 and δ = 0.5 without a particle was less than 0.5% between an extremely fine mesh consisting of 160 000 elements and an adapted mesh consisting of just 10 800 elements.
III. ONE-DIMENSIONAL TEXTURE WITH A CYLINDRICAL PARTICLE
In this section, the numerical results for flow past transverse ribs containing a cylindrical particle on the liquid-gas interface are presented. A particle situated on the liquid-gas interface will be termed as "adsorbed particle" in the following discussion. Also note that the terms "liquid-gas interface" and "interface" will be used interchangeably in this paper.
An effect of the adsorbed particle on the effective slip length with respect to module geometric parameters such as gas fraction and constriction ratio was studied, followed by particle position on the liquid-gas interface. As explained in Sec. II A, the particle movement at the liquid-gas interface was neglected in the present simulations, in the limit of low Re.
A. Validation of the results
To investigate the validity of numerical simulations, the numerically obtained normalized effective slip length for flow in the Cassie-Baxter state and the Wenzel state was compared with the corresponding analytical results. Teo and Khoo 35 expressed the normalized effective slip length for flow past transverse ribs as a function of gas fraction as
The above relation was derived for a shear flow past transverse ribs in the Stokes regime and is valid for a relatively large separation between the top wall and the textured bottom wall (ε >> 1). Therefore, the simulations were carried out for the case where ε = 10 at a very low Reynolds number (Re = 0.01). In a similar manner, the numerically obtained normalized effective slip length in the Wenzel state was compared with the phenomenological relationship provided by Woolford et al. 8 The simulations for the Wenzel state were carried out keeping κ = 1, in view of the limitations imposed on the phenomenological relationship. Comparison of numerically calculated normalized drag force on a solid particle positioned on a liquid-gas interface (for θ CA = 90 • ) with Faxen's analytical solution. 36 expressed in terms of viscosity, diameter of particle, channel height, and center-line velocity (U max ) as 36
In the present work, a flow past an adsorbed particle with θ CA = 90 • in a microchannel was numerically simulated. The computational module was similar to that shown in Fig. 1(a) without a rib. The simulations were carried out for H/d values ranging from 10 to 150. As the no-shear boundary condition (∂u/∂y = 0) at the interface is physically identical to a symmetry boundary condition (∂u/∂y = 0), the numerically calculated drag force on a cylindrical particle is half of that calculated by Eq. (10). Figure 2 (b) shows good agreement between the normalized drag forces calculated both analytically and numerically.
B. Influence of gas fraction
We begin our analysis by examining the influence of an adsorbed particle on the effective slip length at different gas fractions when the particle is situated at the mid-section of the cavity (x/L S = 0.5) on the liquid-gas interface. The particle contact angle was fixed at 90 • in these simulations with a constriction ratio of unity. The particle dimensions for this case correspond to H/d = 100, i.e., for instance, a microchannel with a height of 100 µm has an adsorbed particle of 1 µm diameter at all gas fractions.
Figure 3(a) shows the effective slip length on the interface with an adsorbed particle along with the condition where the flow exists in the Cassie-Baxter state and the Wenzel state as the two limiting cases. Under normal circumstances, it is reasonable to envisage that the effective slip length has upper and lower limits corresponding to whether the flow exists in the Cassie-Baxter state or the Wenzel state, respectively. As mentioned earlier, the cavity aspect ratio was kept constant, i.e., κ = 1, for those simulations where the Wenzel state exists. We can define a particle-free interface as a "clean" interface and particle-laden interface as a "dirty" interface. The curve representing the effective slip length for a "dirty" interface rightly lies between the lower and upper limits of the effective slip length. It is also apparent from the figure that an adsorbed particle has considerably reduced the effective slip length on the interface with respect to a "clean" interface. Furthermore, the curve showing the effective slip length for a "dirty" interface is closer to the lower limit of the effective slip length. An adsorbed particle reduces the no-shear area of the module, which leads to a reduction in the effective slip length. The percentage reduction in the no-shear area due to a particle is plotted in Fig. 3(b) for each gas fraction. Importantly, it is evident from the figure that a reduction in the no-shear area is not so significant (≤10%) for the given geometric parameters (ε = 1 and H/d = 100). Furthermore, a reduction in the noshear area is a weak function of the gas fraction, indicating that the size of the particle is relatively small as compared to the module dimensions. Therefore, it is required to compare the magnitude of reduction in the effective slip length in two different cases to understand the flow behaviour at the liquid-gas interface. The slip loss (or percentage reduction in the effective slip length) is calculated by the following expression:
Here λ C and λ P are the slip lengths for "clean" and "dirty" interfaces, respectively. In the first case, the effect of the adsorbed particle is shown as the slip loss with the gas fraction (red circles) in Fig. 3(b) . A significant reduction in the effective slip length (45%-80%) can be seen from the figure. In the second case, simulations were carried out on a computational module with an equivalent increase in rib dimension (L-L S ) corresponding to the particle diameter for each gas fraction. The slip loss for this case is minor (3%-6%) as shown in the figure. Therefore, an adsorbed particle significantly influences the flow behaviour at the interface.
To understand the local hydrodynamics on an interface with and without a particle, the slip velocity on the interface at each gas fraction is calculated. Figure 4 normalized interfacial velocity for "clean" and "dirty" interfaces at two different gas fractions (δ = 0.5 and 0.8). Here, the interfacial velocity is normalized by the center-line velocity (U max ) of the microchannel. It is apparent from the figure that the liquid accelerates to a maximum value at the midsection of the interface and then decelerates to a minimum value on the rib surface for a "clean" interface. However, there exist two acceleration-deceleration cycles for a "dirty" interface. That is, the liquid accelerates to a maximum value between the rib surface and the solid particle and the cycle repeats until the liquid passes from one cavity to another cavity. This leads to an overall reduction in the average slip velocity on a "dirty" interface. The magnitude of average normalized slip velocity with respect to the gas fraction is plotted in Fig. 4(b) for "clean" and "dirty" interfaces. It is evident that the slip velocity is significantly reduced (35%-65%) by introducing a particle on the liquid-gas interface. Note that the curves representing percentage reduction in slip length and slip velocity are showing similar behaviour, as seen from Figs. 3(b) and 4(b).
C. Influence of constriction ratio
The constriction effect on the effective slip length for both "clean" and "dirty" interfaces has been studied in this work by maintaining a smooth upper wall. The simulations are conducted for one and three particles for the case of "dirty" interface. Figures 5(a) and 5(b) show a variation in the effective slip length with the constriction ratio at two different gas fractions (δ = 0.5 and 0.9). In the limit of large constriction ratio (ε >> 1), the flow behaviour on the bottom textured surface will not be affected by the upper wall. Therefore, the effective slip length for a "clean" interface was shown to increase linearly with a decrease in the constriction ratio for ε > 0.5 and set to level off for ε < 0.5, for both the gas fractions. A similar trend is noticed for an interface with a particle adsorbed at x/L S = 0.5. However, an increase in the number of particles to three situated equidistantly on the interface (x/L S = 0.25, 0.5, and 0.75) recovered the linear behaviour of the effective slip length with the constriction ratio.
A variation in the slip loss with the constriction ratio for the interfaces with one and three particles is plotted in Figs. 5(c) and 5(d) at two different gas fractions. It is apparent that an increase in the number of particles on an interface from one to three doubled the slip loss for both the gas fractions. A change in no-shear area due to one and three adsorbed particles is 2% and 6%, respectively, for δ = 0.5, and the corresponding values are 1% and 3% for δ = 0.9. That is, a minor change in the no-shear area due to adsorbed particles leads to a significant slip loss (attaining a maximum value of ∼80%). Introducing more particles on an interface leads to an increase in the number of interfacial acceleration-deceleration cycles. Therefore, the average interfacial slip velocity decreases further, leading to a more slip loss for an interface with three particles. This situation is analogous to increasing the number of textures in a microchannel for a given gas fraction, where a similar observation was made in the earlier studies. 37 That is, the friction factor was found to increase as the liquid experiences more acceleration-deceleration cycles. Also, the slip loss is steeply decreasing with a decrease in the constriction ratio for ε < 1. This indicates that a textured microchannel of 10 µm in height loses its effectiveness by ∼20%, whereas a textured microchannel of 200 µm in height loses its effectiveness by ∼45% with an adsorbed particle of 1 µm diameter.
Furthermore, curves representing the slip loss asymptote to ∼45% and ∼80% for interfaces with one particle and three particles, respectively, for ε > 1. The relatively large slip loss for ε ≥ 1 is due to the fact that the slippage at the interface reduces with an increase in separation between the top and bottom walls. Although textured microchannels with ε < 1 yield slip lengths as large as the microchannel height, the pressure required to drive the liquid through such a textured microchannel exceeds the critical pressure that the interface can sustain. 38 This leads to flooding of the gas cavities by the liquid, which limits their usefulness. Therefore, textured microchannels with low constriction ratios are impractical, even though the negative influence of the adsorbed particle on the effective slip length is vanishing at lower constriction ratios. Phys. Fluids 30, 032101 (2018) 
FIG. 5. [(a) and (b)]
Variation of the effective slip length with the constriction ratio, with and without a solid particle on the interface for two different gas fractions (δ = 0.5 and 0.9). [(c) and (d)] The effective slip length data for an interface with solid particle(s) re-cast in the form of percentage reduction in slip length with respect to a "clean" interface.
D. Influence of particle position
As explained earlier, a particle positioned at the middle of the interface (x/L S = 0.5) reduces the average interfacial slip velocity as the liquid experiences acceleration-deceleration cycles. In this case, the interfacial velocity is equally distributed on either side of the adsorbed particle. That is, the particle position dictates the distribution of the interfacial velocity. Figure 6(a) shows the distribution of the interfacial velocity for a particle positioned at x/L S = 0.1 and x/L S = 0.5 for a gas fraction of 0.9. It is apparent that the distribution of the interfacial velocity varies when the particle is displaced from x/L S = 0.5 to x/L S = 0.1, with the maximum distribution occurring on the downstream side of the particle along the interface. The limiting case occurs if the particle is attached to the rib decreasing the no-shear area. In this case, the slip loss is not very significant as explained through Fig. 3(b) . The magnitude of slip loss at different constriction ratios (ε = 0.1, 1, and 10) is plotted in Figs. 6(b) and 6(c) with respect to the position of the particle on an interface for δ = 0.5 and 0.9, respectively. It is apparent that the slip loss drastically changes with the position of a particle for ε ≥ 1. The slip loss attains a maximum value when the particle is positioned at the middle of the interface (x/L S = 0.5). A change in the position of the particle near the rib decreases the slip loss to a limiting case of a rib of enlarged dimensions. However, the slip loss is not a strong function of the particle position for smaller constriction ratios (ε ≤ 1), as shown in the figure.
E. Particle-laden Cassie-Baxter state versus the Wenzel state
As seen in Sec. III C, an increase in the number of particles on an interface led to a significant increase in the slip loss (∼80%), even though the reduction in the no-shear area is minor. In some experimental studies, the pressure drop in the Wenzel state was observed to be less than the Cassie-Baxter state. [20] [21] [22] The authors reasoned that the interface displayed a no-slip behaviour and attributed it to impurities deposited over the interface. It is interesting to note that no surfactants were employed in these studies, which could possibly induce Marangoni stresses. Therefore, in this section, we made an effort to compare the effectiveness of the textured microchannel with the particle-laden Cassie-Baxter state with the textured microchannel in which the flow exists in the Wenzel state. In this regard, the simulations were conducted keeping κ = 1 for the case of flow in the Wenzel state and the resulting pressure drop was converted into the effective slip length (λ W ) according to Eq. (5). The slip loss is calculated with respect to the Wenzel state according to the following expression:
Figures 7(a) and 7(b) show the slip loss at two different gas fractions (δ = 0.5 and 0.9) for interfaces with one and three particles. It is apparent from the figure that the textured microchannel in which the flow exists in the Wenzel state is more advantageous than the textured microchannel in which the interface is covered with three particles. It is important to notice that, only a minor change in the no-shear area (≤6%) due to particles resulting in an ineffective non-wetted textured microchannel, as compared to a completely wetted textured microchannel. Even in the case of an interface with just one particle, the completely wetted textured microchannel is shown to be advantageous for ε ≤ 0.2 at both the gas fractions.
The result in Figs. 7(a) and 7(b) indicates that the slip velocity on the particle-laden interface is a function of constriction ratio and number of particles. Therefore it is interesting to compare the slip velocity at the liquid-gas interface for the particle-laden interface and liquid-liquid interface for the completely wetted case. Figure 7(c) shows the variation of the average slip velocity (normalized the center-line velocity of the module) with the number of adsorbed particles at two gas fractions (δ = 0.5 and 0.9) for ε = 1. The particles are positioned equidistantly on the interface in these simulations. The particle numbered zero in the figure corresponds to a "clean" interface.
The slip velocity at the liquid-liquid interface when the flow is in the Wenzel state is included in the figure for both the gas fractions. It is apparent from the figure that the interfacial slip velocity is decreasing with an increase in the number of adsorbed particles. Therefore, a clear loss of effectiveness of the non-wetted textured microchannel is possible in comparison to a completely wetted textured microchannel if the interface is covered with more than two particles. Furthermore, increasing the number of particles on an interface leads to a no-slip behaviour, even if the corresponding decrease in the no-shear area is marginal (≤10%).
IV. BI-DIMENSIONAL TEXTURES WITH A SPHERICAL PARTICLE
In this section, numerical results for the flow past surfaces with posts and holes containing a spherical particle on the liquid-gas interface are presented. An effect of an adsorbed particle on the effective slip length with respect to the gas fraction and orientation was studied. A validity of the scaling laws proposed by Ybert et al. 7 is extended for particle-laden interfaces for posts and holes by determining appropriate model coefficients.
A. Validation of the results
To investigate the validity of the three-dimensional numerical simulations, the numerically obtained normalized effective slip lengths for posts for flow in the Cassie-Baxter state are compared with the analytical formulae proposed by Enright et al., 39 as shown in Fig. 8(a) . The numerical simulations were carried out at a very low Reynolds number (Re = 0.01) and a large constriction ratio (ε = 80).
were retained in the analytical formulae to validate the accuracy of the numerical simulations. Furthermore, the numerical results were re-cast in the form of Eq. (13) to determine the appropriate coefficients in the scaling law proposed by Ybert et al. 7 A scaling law for the normalized effective slip length is expressed as
The coefficients (A, B) obtained through the numerical simulations are given in Table I . The results from the earlier numerical studies are also included in the table for comparison, and the agreement was found to be good. The numerical simulations for the textured microchannel with a particle-laden interface is validated through the analytical solution of drag force on a spherical particle traversing along a fluid-fluid interface as a function of the particle contact angle. An analytical formula for the drag force on a particle at an interface, in the limit of a vanishing viscosity ratio of the two fluids, is expressed as 34 where U is the particle velocity at the interface and f is a function of the particle contact angle. This is expressed as
A particle traversing along a liquid-gas interface with a velocity U is computationally identical to pressure-driven flow past a stationary particle adsorbed at a liquid-gas interface in a textured microchannel. Therefore, the simulations were carried out on a computational module similar to Fig. 1(c) without a post top surface at Re = 0.01 and ε = 5. Figure 8(b) shows good agreement between the numerically obtained value of the function f and the analytical result obtained through Eqs. (14) and (15).
B. Posts versus holes: Influence of gas fraction
The simulations are carried out on the post and hole configurations with one/three spherical particles positioned on the liquid-gas interface with θ CA = 90 • . The particles were arranged in the flow direction on the interface for the posts, i.e., at x/L S = 0.5 for a single particle and at x/L S = 0.25, 0.5, 0.75 for three particles. For holes, the particles were arranged normal to the flow direction, i.e., at x/L S = 0.5 for a single particle and at z/L S = 0.25, 0.5, 0.75 for three particles. The effective slip length for posts and holes is plotted in Fig. 9 with respect to the gas fraction. The effective slip length in the Cassie-Baxter state and the Wenzel state is also included in the figure as limiting cases. The effective slip length shows a dual behaviour for single-wall textured microchannels, i.e., the effective slip length in the Wenzel state exceeds that in the Cassie-Baxter state and vice versa based on the gas fraction and gas cavity height. 5 Therefore, the gas cavity dimensions are chosen according to h/H = 0.5 for simplicity, in those simulations where the flow exists in the Wenzel state. As seen from Fig. 9 , an increase in the number of adsorbed particles decreases the effective slip length for both posts and holes. Unlike the transverse ribs, the curves representing the effective slip length for "dirty" interfaces are closer to the upper limit of the effective slip length. However, the percentage decrease in the no-shear area due to adsorbed particles is <1% in all the cases for bi-dimensional textures. Therefore, the effective slip length data are expressed in the form of the slip loss in Fig. 10 . The slip loss shows a non-monotonic variation with respect to the gas fraction, reaching a minima at δ = 0.5 for both posts and holes. Similarly, the minimum is found to shift towards a larger gas fraction with a decrease in the number of particles. A similar non-monotonic variation of the slip loss is also evident for traverse ribs in Fig. 3(b) . Since posts consist of a continuous no-shear area along the flow direction unlike holes, the liquid experiences less intense accelerationdeceleration cycles. Therefore, the slip loss is more in the case of holes than posts. It is interesting to note that the slip loss is also significant for bi-dimensional textures (5%-35%) for a negligible reduction in the no-shear area due to the adsorbed particles.
C. Influence of orientation of particle-ensemble
In order to appreciate the effect of accelerationdeceleration cycles on the slip loss in three-dimensional flows, the simulations were carried out for the geometry with holes by varying the orientation of the particle ensemble. In the first case, particles were arranged on an interface along the flow direction (x), and in the second case, particles were arranged normal to the flow direction (z), as shown in the inset of Fig. 11. Phys. Fluids 30, 032101 (2018)   FIG. 9 . Variation of the effective slip length with gas fraction for flow in the Cassie-Baxter state (black squares), the Wenzel state (black diamonds), and an interface with one particle (red triangles) and three particles (blue inverted triangles) for (a) posts and (b) holes. The constriction ratio is 2 in both the cases. Note that numerical simulations in the Wenzel state were carried out at h/H = 0.5 for both cases.
In both the cases, the particles are arranged equidistantly along particular directions. Figure 11 shows the slip loss in both the cases mentioned earlier with respect to the gas fraction. The slip loss caused by a single adsorbed particle at x/L S = 0.5 is also added for comparison in the figure. The particle-ensemble arranged normal to the flow direction splits the distribution of interfacial velocity, thereby allowing the liquid to undergo two acceleration-deceleration cycles. However, the particleensemble arranged along the flow direction results in one acceleration-deceleration cycle on either side at the interface. Therefore, the slip loss is shown to be more in the former than that in the latter.
D. Validity of scaling laws
Ybert et al. 7 and dense (δ → 1) limits of the gas fraction, for various texture configurations including posts and holes. For instance, the scaling laws for the normalized effective slip length for shear flow past posts and holes, respectively, in the dilute limit is expressed as
The constants A and B for posts in the limit of a large constriction ratio (ε >> 1) for a shear-driven flow are 0.21 and 2, respectively. Similarly, the constants C and D for holes under the above conditions are 0.17 and 1.5, respectively. The constants of scaling laws were shown to be a function of Reynolds number in previous studies. 9 Furthermore, the value of the constants was shown to be decreasing with an increase in Re. In another study, 22 the authors expressed that viscous dissipation effects in a textured microchannel alter the values of the constants in scaling relationships. A particle positioned on a liquid-gas interface creates a three-phase constant line around the periphery (junction of the no-slip and no-shear regions), where an additional viscous dissipation occurs. This could lead to a change in the value of the constants in Eqs. (16) and (17) . To validate this, simulations were carried out on the post and hole configurations at different constriction ratios in the dilute limit of gas fraction (δ ≤ 0.4) with a single adsorbed particle. The particle was positioned on the interface at x/L S = 0.5 with θ CA = 90 • in the simulations. Figure 12 shows the variation of the effective slip length at different constriction ratios for "clean" and "dirty" interfaces for posts and holes, respectively. To avoid the overlapping of the normalized effective slip length curves, the data are represented in the form of the effective slip length for clarity. In the first instance, it is interesting to note that the scaling laws can be extended to single-wall textured microchannels. Furthermore, the linearity of the effective slip length with gas fraction for a "dirty" interface ensures that the scaling laws do indeed account for viscous dissipation effects. The value of the coefficients in the scaling laws for posts and holes is listed in Tables II and III , respectively, for both "clean" and "dirty" interfaces. The value of the primary coefficients (A and C) for a "clean" interface reduces, while the value of the secondary coefficients (B and D) increases, with an increase in the constriction ratio for both posts and holes. The variation of these constants in the above manner tends to reduce the effective slip length. In other words, as the constriction ratio decreases, viscous dissipation increases in a textured microchannel, which results in a drop in the value of the effective slip length. A similar trend (i.e., variation in the value of the coefficients, A P , B P , C P , and D P ) is also observed for a "dirty" interface, as shown in Tables II and III . This indicates that the additional viscous dissipation caused by the adsorbed particle tends to reduce the effective slip length.
V. CONCLUSIONS
In this work, the flow through a textured microchannel with an interface contaminated by solid particles was simulated. In the first part of this study, transverse ribs with one cylindrical particle on the liquid-gas interface were considered. A variation in the effective slip length as a function of texture geometry related parameters (gas fraction and constriction ratio) and particle position was determined. In the second part, simulations were carried out on bi-dimensional textured surfaces (posts or holes), with one or more spherical particles situated on the liquid-gas interface. The validity of scaling laws for a particle-laden interface was examined. The main conclusions of this work are presented below:
1. For transverse ribs, it was observed that a particle adsorbed on the liquid-gas interface enforces the liquid to experience additional acceleration-deceleration cycles on the interface. This leads to a reduction in the average slip velocity and thus the effective slip length. Furthermore, the effect of just a single adsorbed particle on the slip loss is significant (∼20%-80%) even though the corresponding reduction in the no-shear area is marginal (≤10%). 2. The slip loss was observed to be more in textured microchannels with a large constriction ratio (ε ≥ 1). A larger slip on the liquid-gas interface at small constriction ratio reduces the detrimental effects of adsorbed particles. 3. Even a moderate increase in the number of particles on an interface drastically reduces the average slip velocity. Therefore, a textured microchannel with a particleladen liquid-gas interface was observed to be ineffective in reducing slip as compared to a completely wetted textured microchannel. 4. For a bi-dimensional textured surface, a bounded particle-laden liquid-gas interface intensifies accelerationdeceleration cycles on the interface. Therefore, the slip loss was observed to be more for a surface with holes than posts. Furthermore, the orientation of the particle ensemble on a liquid-gas interface signifies the importance of acceleration-deceleration cycles in increasing slip loss. 5. The variation in the computed values of coefficients in the scaling laws for particle-laden interfaces was attributed to viscous dissipation at the three-phase contact line around the periphery of the particle.
In the present work, a finite number of particles (one or three) were considered per unit module of texture in a textured microchannel. This scenario essentially models the flow of liquid containing numerous particles in textured microchannels, which bears a close resemblance to practical situations. The particle-to-particle interaction and their effect on the flow are expected to increase if more number of particles were present in the flow (Refs. 42 and 43) . In overview, the texture configurations with unbounded liquid-gas interfaces (posts and longitudinal ribs) exhibit a less slip loss due to the particle contaminated-interfaces than the configurations with bounded liquid-gas interfaces (holes and transverse ribs). A similar observation was reported recently for textured microchannels with surfactant-laden liquid-gas interfaces. 41 Therefore, it is inferred that the texture configurations with unbounded interfaces are best suitable to negate detrimental effects of particle or surfactant contamination.
